1. The subcellular distribution of adenine nucleotides, acetyl-CoA, CoA, glutamate, 2-oxoglutarate, malate, oxaloacetate, pyruvate, phosphoenolpyruvate, 3-phosphoglycerate, glucose 6-phosphate, aspartate and citrate was studied in isolated hepatocytes in the absence and presence of glucagon by using a modified digitonin procedure for cell fractionation. 2. In the absence of glucagon, the cytosol contains about two-thirds of cellular ATP, some 40- 
1. The subcellular distribution of adenine nucleotides, acetyl-CoA, CoA, glutamate, 2-oxoglutarate, malate, oxaloacetate, pyruvate, phosphoenolpyruvate, 3-phosphoglycerate, glucose 6-phosphate, aspartate and citrate was studied in isolated hepatocytes in the absence and presence of glucagon by using a modified digitonin procedure for cell fractionation. 2. In the absence of glucagon, the cytosol contains about two-thirds of cellular ATP, some 40-50 % of ADP, acetyl-CoA, citrate and phosphoenolpyruvate, more than 75 % of total 2-oxoglutarate, glutamate, malate, oxaloacetate, pyruvate, 3-phosphoglycerate and aspartate, and all of glucose 6-phosphate. 3. In the presence of glucagon the cytosolic space shows an increase in the content of malate, phosphoenolpyruvate and 3-phosphoglycerate by more than 60%, and those of aspartate and glucose 6-phosphate rise by about 25%. Other metabolites remain unchanged. After glucagon treatment, cytosolic pyruvate is decreased by 37 %, whereas glutamate and 2-oxoglutarate decrease by 70%. The [NAD+] [oxaloacetate] couple are lowered by glucagon, yet in the latter case the values are about tenfold higher than in the former. 5. Glucagon and oleate stimulate gluconeogenesis from lactate to nearly the same extent. Oleate, however, does not produce the changes in cellular 2-oxoglutarate and glutamate as observed with glucagon. 6. The changes of the subcellular metabolite distribution after glucagon are compatible with the proposal that the stimulation of gluconeogenesis results from as yet unknown action(s) of the hormone at the mitochondrial level in concert with its established effects on proteolysis and lipolysis.
Intermediary metabolites have now been measured in a number of liver perfusion studies (Schimassek & Mitzkat, 1963; Ross et al., 1967a; Williamson et al., 1969c; Veneziale et al., 1970; Veneziale, 1971 Veneziale, , 1972 Blair et al., 1973a,b; Ui et al., 1973a,b; Mullhofer et al., 1974; Parrilla et al., 1975 Parrilla et al., , 1976 in order to find out the site(s) of glucagon action in the gluconeogenic pathway. However, as pointed out repeatedly Williamson et al., 1969b; Ui et al., 1973a) , the interpretation of the results accumulated has been hampered by the lack of information on metabolite compartmentation in the parenchymal liver cell. At present, evidence for glucagon acting at the levels of mitochondrial pyruvate (Adam & Haynes, 1969; Garrison & Haynes, 1974; Yamazaki & Haynes, 1975; Titheradge Vol. 166 & Coore, 1976a) and/or hydrogen influx (Mullhofer et al., 1974) , of pyruvate carboxylase (EC 6.4.1.1) (Williamson et al., 1969c; Ross et al., 1967a) , 2-oxoglutarate dehydrogenase (EC 1.2.4.2) (Ui et al., 1973b) , phosphoenolpyruvate carboxykinase (EC 4.1.1.32) , fructose 1,6-bisphosphatase (EC 3.1.3.11), phosphofructokinase (EC 2.7.1.11) (Schimassek & Mitzkat, 1963; Williamson et al., 1969c; Clark et al., 1974) and pyruvate kinase (EC 2.7.1.40) (Feliu et al., 1976; Friedrichs, 1976; Pilkis et al., 1976; Blair et al., 1976 ) is available; however a differentiation between primary and secondary site(s) of action has not been achieved. Parrilla et al. (1975 Parrilla et al. ( , 1976 attempted to obtain information on the subcellular metabolite distribution by using calculation methods; these, however, were based on as yet unestablished assumptions, e3pecially with respect to the glucagon-stimulated liver. Therefore we considered the problem suitable for investigation by a different approach. We applied the digitonin fractionation method developed by Zuurendonk & Tager (1974) , to investigate the metabolite compartmentation in isolated rat liver cells during gluconeogenesis from lactate in the absence and presence ofglucagon in the present study.
Materials and Methods Animals
Male Sprague-Dawley rats (W. Gassner, Sulzfeld, Germany) weighing about 200 g after starvation for 48 h were used for liver cell preparation. Normal fed rats under Nembutal anaesthesia were bled to obtain the serum added to the incubation medium to improve the glucagon response (Siess & Wieland, 1975) .
Chemicals
Coenzymes and enzymes were products of Boehringer (Mannheim, Germany), except for glutaminase (EC 3.5.1.2) which was obtained from Sigma (Munich, Germany), and lactate dehydrogenase (EC 1.1.2.3), which was prepared from baker's yeast by a modification (Wieland & von JagowWestermann, 1974b ) of the method of Dixon (1955) . Glucagon was a gift from Hoechst (FrankfurtHoechst, Germany). L-Lysine monohydrochloride was bought from E. Merck (Darmstadt, Germany), and L-lactic acid from Schuchardt (Munich, Germany). Other chemicals were the same as in an earlier study (Siess et al., 1976a) .
Preparation and incubation of liver cells
Liver cells were prepared as described (Siess et al., 1976a) . In the present study the washing medium also contained 2mM-lysine to improve the rate of gluco--neogenesis (Cornell et al., 1973 . At least 92% of the hepatocytes excluded 0.2 % Trypan Blue. The cells were incubated as described (Siess et al., 1976a) in a medium composed of 0.6ml of Ca2+-free KrebsHenseleit bicarbonate buffer (Krebs & Henseleit, 1932) , pH7.4, containing 1.5% gelatin, 1mM-L(-)-carnitine and 2mM-lysine, 0.4ml of rat serum, 0.1 ml of 10% defatted (Chen, 1967) bovine serum albumin in 0.9 % NaCI, 0.01 ml of 80mM-CaC12 and 0.05 ml of 325mM-lactate. Incubation was commenced by the addition of 0.2 ml of the liver cell suspension.
Liver cellfractionation
Separation of the cytosolic and mitochondrial fractions by a modified digitonin method (Zuurendonk & Tager, 1974; Siess & Wieland, 1976) and the determination of the total intracellular amounts of metabolites were performed as described by Siess et al. (1976a) .
Determination ofmetabolites
Aspartate was determined by the method of Bergmeyer et al. (1974) , glutamate by the method of Bernt & Bergmeyer (1974) , glutamine by the method of Lund (1974) , glucose 6-phosphate by the method of Lang & Michal (1974) , lactate by the method of Wieland & von Jagow-Westermann (1974a) , pyruvate and phosphoenolpyruvate by the method of Czok & Lamprecht (1974) , 2-oxoglutarate by the method of Bergmeyer & Bernt (1974) , and 3-phosphoglycerate by the method ofCzok (1974) . Other metabolites were assayed by the methods used by Siess et al. (1976a) . Oxaloacetate was measured as described previously (Siess et al., 1976b) , except that in the present study reaction mixtures with water in place of acetyl-CoA were run in parallel to correct for any background radioactivity.
Calculation ofmetabolite concentrations
Cytosolic and mitochondrial metabolite concentrations in the absence and presence of glucagon were calculated as described previously (Siess et al., 1976a) . As shown by Titheradge & Coore (1976b) (Struck et al., 1965 (Struck et al., , 1966 Ross et al., 1967a; Schimassek, 1967; Williamson et al., 1969c; Blair et al., 1973b; Ui et al., 1973b) . The results of our studies on cytosolic and mitochondrial metabolite distribution in the absence Vol. 166 and presence of glucagon are summarized in Tables  3 and 4. Cytosolic space
In the cytosolic space statistically significant changes were observed in the amounts of ATP, malate, aspartate, phosphoenolpyruvate, pyruvate, glucose 6-phosphate, 2-oxoglutarate, glutamate and 3-phosphoglycerate, whereas all other metabolites studied remained unchanged (Table 3 ). The cytosolic ATP concentration was moderately decreased by glucagon, resulting in a fall of the [ATP]/[ADP] ratio from 5.6 to 4.5. The most marked changes occurred in the concentrations of 2-oxoglutarate and glutamate, which fell to about 30 % of their control value. This is not due to increased glutamine formation, which was instead decreased (results not shown Menahan & Wieland (1969) . On the basis of reports on glucagon stimulation of pyruvate uptake into mitochondria (Adam & Haynes, 1969; Garrison & Haynes, 1974; Yamazaki & Haynes, 1975; Titheradge & Coore, 1976a ) the question of intramitochondrial accumulation of pyruvate arose. But as shown in Table 4 , no effect of glucagon on the mitochondrial steady-state concentration of pyruvate was detectable. In Table 5 From the fact that oleate stimulates gluconeogenesis from lactate and pyruvate in rat liver (Struck et al., 1965 (Struck et al., , 1966 Ross et al., 1967a; Teufel et al., 1967; Soling et al., 1968; Williamson et al., 1969a; Johnson et al., 1972; Krebs et al., 1974; Siess & Wieland, 1975) , it was originally suggested (Struck et al., 1966; Williamson et al., 1966a,b; Ross et al., 1967b; Soling et al., 1968 ) that glucagon might act by increasing fatty acid supply. However, this view seemed to be incompatible with later observations, which indicated that glucagon can stimulate gluconeogenesis even in the presence of maximally effective concentrations of fatty acids (Ross et al., 1967b; (Siess & Wieland, 1975) . Moreover, oleate did not change the amount of phosphoenolpyruvate, in contrast with glucagon (Table 6 ).
Discussion Validity of the digitonin method
The subcellular distribution of malate, citrate, glutamate and aspartate in rat liver without added glucagon was studied by Soboll et al. (1976) and aspartate, respectively were located in the cytosol when the liver from a starved animal was perfused with lactate. As shown in Table 3 nearly identical values were found by fractionation of isolated liver cells with the digitonin method. Also, both methods yielded very similar results for the cytosolic and mitochondrial metabolite concentrations (Table 7) . This suggests that the information on metabolite compartmentation as revealed by the digitonin procedure is valid also for glucagon-timulated liver cells.
Effect ofglu agon on subcellular metabolite distribution
To our knowledge the data of the present study disclose for the (Siebert, 1961) was not detectable in the pellet, one can estimate that the carry-over of cytosolic and nuclear constituents contributes less than 5 % of the amount of metabolite in the pellet. The possibility that the lack of glucose 6-phosphate in the pellet was due to splitting by glucose 6-phosphatase (EC 3.1.3.9) present in the endoplasmicreticulum fragments of this fraction (Siess & Wieland, 1976) seems to be ruled out, as no liberation of glucose from exogenously added glucose 6-phosphate to the digitonin medium was detectable. Moreover, rable 6. Different effects ofglucagon and oleate on total cellular amounts of glutamate, 2-oxoglutarate and phosphoenolpyruvate in isolated liver cells from 48 h-starved rats Mean values + S.E.M. for five experiments are given. The cells were incubated as described in the Materials and Methods section for 30min before glucagon (7,ug/ml) or/and albumin-bound oleate (0.7mM) (Siess & Wieland, 1976) stimulated gluconeogenesis from lactate on the basis of mass-action equilibria Greenbaum et al., 1971 Parrilla et al. (1975) these were decreased by glucagon, but the digitonin procedure reveals an increase in both metabolites in the cytosol. As there is little reason to question the validity of our data obtained with the digitonin method, it follows that the suppositions on which the calculations are based may not be fulfilled, especially under glucagon stimulation. For instance, it is assumed that the reactants of malate dehydrogenase (EC 1.1.1.37) are in equilibrium in mitochondria. , however, concluded from experiments with isolated rat liver mitochondria that the malate and oxaloacetate pools are not in equilibrium, and thus by calculation falsely low oxaloacetate concentrations agrees with that calculated (Williamson, 1969) , suggesting that the 'malic' enzyme (EC 1.1.1.40) is maintained close to equilibrium as proposed by .
Site(s) ofglucagonz action
The data summarized in Table 6 strongly support the earlier view (Ross et al., 1 967b; Fr6hlich & Wieland, 1971 ) that glucagon does not act by merely increasing fatty acid supply. Although glucagon, like oleate, increases the redox state, the phosphate potential (Siess & Wieland, 1976) in the mitochondrial space, and to a lesser degree ketogenesis also, it differs markedly in its effect on cellular glutamate, 2-oxoglutarate, and phosphoenolpyruvate concentrations (Table 6 ). Further, oleate in the presence of lactate stimulated citrate formation (Siess et al., 1976a) , in contrast with glucagon (Tables 3 and 4) .
The matrix pyruvate concentration remains unchanged during glucagon action (Table 4 ) and is well above the Km of pyruvate carboxylase (Soling et al., 1970; McClure & Lardy, 1971; Seufert et al., 1971) . Thus activation of this enzyme would imply an increase in Vmax. This could be achieved by [acetyl-CoA] (Keech & Utter, 1963; Utter et al., 1964; Seufert et al., 1971; von Glutz & Walter, 1976) Glutz & Walter, 1976) , which are elevated by glucagon in the matrix, the effect of [acetyl- CoA] being potentiated (Seufert et al., 1971) by the increase in matrix pH (Titheradge & Coore, 1976b) . Pyruvate carboxylase would become more active also if the great restraint under which the enzyme operates in the intact mitochondria (Haynes, 1972) is lessened. According to Scrutton & White (1974) glutamate is a potent inhibitor of rat liver pyruvate carboxylace, giving about 50% inhibition at 5mm. As the matrix glutamate concentration normally is about 15 mm (Table 4) this finding could explain why pyruvate carboxylase is considerably more active in the mitochondrial extract than in the intact structure (Haynes, 1972) . Moreover, it is reasonable to assume that the fall in matrix glutamate concentration from 15 to 3 mM ( (Feliu et al., 1976; Friedrichs, 1976) with no change of Vnax.. From this the pyruvate kinase reaction was proposed to be under glucagon control (Friedrichs, 1976; Pilkis et al., 1976; Blair et al., 1976) . However, the twofold increase in cytosolic phosphoenolpyruvate after glucagon treatment (Table 3) , by compensating for the lowering of substrate affinity, may keep the enzyme activity unchanged.
Concerning the fructose 1,6-bisphosphatase-phosphofructokinase substrate cycle as a possible site of glucagon action (Schimassek & Mitzkat, 1963; Clark et al., 1974) (Pogell et al., 1971; Carlson et al., 1973) . Secondly, inactivation of liver phosphofructokinase has been shown to occur by liver fructose 1,6-bisphosphatase depending on the presence of oleate and 3-phosphoglycerate (Proffitt et al., 1976) . Thus it is tempting to speculate that glucagon, by stimulation of both lipolysis (Struck et al., 1965; Williamson et al., 1966b,c,d; Bewsher & Ashmore, 1966; Menahan & Wieland, 1969; Claycomb & Kilsheimer, 1969 ) and 3-phosphoglycerate formation (Williamson et al., 1969c; Parrilla et al., 1975 ; the present paper) could cause phosphofructokinase inactivation in isolated liver cells. Although we have not measured free fatty acids, it seems noteworthy in this connexion that the content of long-chain acyl-CoA in isolated hepatocytes rose from 49.7± 3.1 to 55.7±4.3nmol/108 cells (mean±S.E.M. for five different cell preparations, P < 0.025) after glucagon (E. A. Siess & 0. H. Wieland, unpublished work) . This would explain the decrease by 50 % in fructose 1,6-bisphosphate in the perfused liver (Schimassek & Mitzkat, 1963; Williamson et al., 1969c; Blair et al., 1973a) , which in turn could lead to marked inhibition of pyruvate kinase, since at the cytosolic ATP and phosphoenolpyruvate concentrations ofabout 4 mm and 0.5 mm respectively, pyruvate kinase activity will largely depend on allosteric activation by fructose 1,6-bisphosphate (Rozengurt et al., 1969; Llorente et al., 1970; Ljungstrom et al., 1976) .
In conclusion, the changes in the metabolite concentrations that we have observed in the liver cell compartments after glucagon treatment seem to support the presently available evidence suggesting that the stimulation of gluconeogenesis results initially from some as yet unknown action(s) of the hormone at the mitochondrial level synchronous to the established effects on proteolysis (Miller, 1965; Penhos et al., 1966; Struck et al., 1966; Williamson et al., 1966a; Schimassek, 1967) and lipolysis (Struck et al., 1965; Bewsher & Ashmore, 1966; Williamson et al., 1966b,c,d; Menahan & Wieland, 1969; Claycomb & Kilsheimer, 1969) . The stimulation of ATP generation found in isolated mitochondria from glucagon-treated rats (Yamazaki, 1975) would explain our observation of an elevated ATP content in the mitochondria of the glucagon-stimulated liver cells. The accumulation of mitochondrial phosphoenolpyruvate may be an important consequence of an increased supply of GTP, which should become quite significant if one considers the large depletion of the substrates for this phosphorylation step. Whether this is due to the increased mitochondrial efflux of C. dicarboxylates or to an activation of 2-oxoglutarate dehydrogenase as proposed by Ui et al. (1973b) remains to be clarified. It is conceivable that the mitochondrially formed phosphoenolpyruvate leads, by enlargement of the cytosolic phosphoenolpyruvate pool, to an increase of 3-phosphoglycerate. The latter would then promote the flow forward to glucose by activation of fructose 1,6-bisphosphatase and/or inactivation of phosphofructokinase as discussed above. Concomitantly, the resulting decrease in fructose 1,6-bisphosphate would curtail recycling ofphosphoenolpyruvate through pyruvate kinase.
